Detailed karst terrain assessments require the identification and survey of surface features such as closed depressions, sinkholes, and cave entrances.
INTRODUCTION AND BACKGROUND
The cirolanid isopod Antrolana lira Bowman 1964 , commonly known as the Madison Cave Isopod (MCI), is a free-swimming crustacean native to the phreatic karst aquifer of the Great Valley of Virginia. First collected in 1958 by Thomas Barr of the University of Kentucky, the holotype and six paratype specimens were subsequently described by Thomas Bowman of the United States National Museum in 1964. The type locality was limited to two pools in Madison Cave ( Figure 1 ) and a small pool in an adjacent cave named Steger's Fissure, both located in the Grottoes area of Augusta County, Virginia (Bowman, 1964) .
Studies suggested that A. lira was threatened by human visitation to its only known habitat, and by mercury pollution of the nearby South River (Bolgiano, 1980; Collins, 1982) . As a result, the taxon was proposed as a threatened species by the U.S. Fish and Wildlife Service (USFWS) on January 12, 1977 in the Federal Register (42FR 2507-2515). The threatened status of A. lira was finalized in a rule issued by the USFWS on October 4, 1982 (47FR 43699-43701) .
Subsequent investigations (Orndorff and Hobson, 2007) have extended the range of A. lira beyond its original type locality to a much larger area of the Great Valley (Figure 2) . The MCI appears to have a specialized habitat preference for the high conductance, ionically saturated phreatic waters reposing in a specific group of carbonate rocks ranging in age from the Lower Cambrian through the Middle Ordovician, and solely within the Great Valley section of the Valley and Ridge Physiographic Province.
It is notable that A. lira has not been found in the western portion of the Great Valley north of the North Fork of the Shenandoah River. Nevertheless, the carbonate rocks in which the preferred habitat is located are contiguous along the strike through this section. Thus, it is difficult to explain the absence of the MCI beyond the North Fork, especially considering that other consequent streams and rivers (i.e. streams that cross the bedding of the local rock), such as the Maury River in Rockbridge County, have not acted as a boundary to the MCI's range. Nevertheless, the area north of the North Fork is still considered part of the taxon's "suspected" range.
The phreatic aquifer in which A. lira lives is connected to the surface through the epikarst zone. There are few perennial surface streams in karst areas, and much of the surface runoff is diverted underground through closed drainages. Recharge to the subsurface can be rapid, specifically where water plunges into sinkholes with open throats, percolates through the bed of losing streams, or flows into cave entrances. In contrast, groundwater recharge can also be slow in places where water percolates down through the surface soils and infiltrates a diffuse network of cracks and fissures located at the soil/ bedrock interface. In many areas where the bedrock is mantled with clay-rich, cohesive soils, the infiltration would be expected to be extremely slow; however, periods of extended drought can open up deep fissures in the soil that can rapidly channel water directly to the underlying bedrock. Similarly, bedrock pinnacles that extend above the soil surface can channel significant quantities of water to the underlying epikarst, particularly if the surrounding soils dry out, shrink, and contract away from the surface of the pinnacles. All of these factors can affect the ionic concentration of the underlying phreatic aquifer and the habitability of the aquifer for the MCI. Because of the myriad of variables associated with the habitat of A. lira, effective survey methods to determine the taxon's abundance and suitable habitat have yet to be developed. Thus, the USFWS assumes the presence of the species if a project is located within a potential habitat area. Currently, potential habitat areas include the phreatic aquifers of any of the Cambrian and Ordovician carbonate rocks within the Great Valley. Accordingly, the USFWS recommends implementation of measures to minimize effects on A. lira and its habitat, among which are karst assessments intended to identify all surface karst features within an area of potential impact.
GeoConcepts Engineering was contracted in June 2009 by The Conservation Fund on behalf of the USFWS, to provide a karst survey for the NiSource/ Columbia Gas Transmission Pipeline sections that extend through potential habitat areas of A. lira in the Great Valley. The following report summarizes the procedures and findings of that survey with comments on the utility of integrating the data review, remote sensing, and subsequent ground survey phases of the study.
GEOLOGICAL SETTING
According to the Geological Map of Virginia (Virginia Division of Mineral Resources, 1993) , the project is located entirely within Great Valley Section of the Valley and Ridge Physiographic Province. The Great Valley is a generally downwarped trough (synclinorium) of Paleozoic limestones, shales, and sandstones; it lies between the Blue Ridge Massif on the east and the Allegheny Mountains to the west. The Valley extends between the two mountain uplands from northeast to southwest, parallel with the strike of the bedrock. Specifically, the survey area has been mapped as underlain by a series of carbonate and clastic rocks ranging in age from Lower Cambrian to Middle Ordovician. A geologic column for the study area is presented as Figure 3 .
Karst Geology
As in any region where soluble bedrock is present, a karst landform regime has developed in the Great Valley. All of the bedrock units present throughout Folding and faulting of the local carbonate rocks has opened up numerous fractures both parallel with the axis of the geologic structures, as well as perpendicular to them. Surface fractures and joints weather differentially, producing a pinnacled or "sawtooth" profile at the bedrock/soil interface (referred to as the epikarst zone). In contrast, rockenclosed fractures can be secondarily enlarged by the action of carbon dioxide charged groundwater, in some cases forming water-filled or air-filled conduits. As the regional terrain is "mature" karst, nearly all the fractures have undergone successive cycles of sediment filling and flushing. In areas such as the survey area, where there is little topographic relief and a relatively minimal groundwater gradient, the great majority of solution fissures are sediment-filled (Ford and Williams, 1989; Moore and Wade, 1989) .
METHODOLOGY
For ease of explanation, the Area of Interest (AOI) for the assessment comprised an area of "covered lands" encompassing K mi (0.804 km) on either side of the NiSource Pipeline in sections that crossed potential or suspected MCI habitat. Within the covered lands was the pipeline Right of Way (ROW), which encompassed 80 ft (24.3 m) on either side of the pipeline.
The entire length of the pipeline mapped as passing through known or suspected MCI habitat was divided into three discreet survey sections ( Figure 2 ):
1. Northern Section (20 mi; 32.2 km) passing through Clarke, Warren, and Shenandoah counties; 2. Central Section (17 mi; 17.3 km) passing through Rockingham and Page counties; 3. Southern Section (39 mi; 62.8 km.) passing through Augusta and Rockbridge counties.
Data Review and Remote Sensing Phase (DR-RSP)
Because the AOI encompassed approximately 76 sq mi (196 km 2 ), it was beneficial to identify potential karst features remotely and/or by database review, and then confirm their actual presence in the field. This process significantly reduced the amount of time spent on location and on survey tasks. An inventory of known karst features located within the covered lands was reviewed from the following sources:
1. Caves of Virginia (Douglas, 1964) In addition, readily available geological literature for bedrock and structural characteristics was reviewed (Virginia Division of Mineral Resources, 1993; Orndorff and Goggin, 1994; Gathright et al., 1996; Orndorff et al., 1999; Rader and Gathright, 2001; Campbell et al., 2006; and Southworth et al., 2009 ). The survey relied upon the highest resolution mapping available for the particular AOI being examined.
The result of the DR-RSP was to identify areas of surface karst "concentrations" or clusters within the AOI that were then subject to closer scrutiny through field reconnaissance.
Initial Assessment
The initial assessment of karst concentration locations was determined using two studies undertaken by the Virginia Division of Mines and Mineral Resources (Hubbard, 1983; 1988) . At the time of our investigation (2009) the Hubbard studies had not yet been rendered as digital files, and the published, paper maps lacked the resolution necessary to identify specific features smaller than several hundred feet in diameter. Nevertheless, the Hubbard maps would provide important clues to areas of significant karst feature concentrations (Hubbard, 2003) .
Cave location data was also used with the knowledge that many of the cave entrance coordinates were determined by manual approximation using 7.5-minute topographic quadrangles. Thus, reported cave entrance locations were expected to have significant errors of up to several hundred feet or more.
Cartographic Data Review
Four principal forms of cartographic data were used in the DR-RSP of the survey:
1. 2-ft (0.61 m), and 4-ft (1.22 m) contour maps of the various counties under study; 2. USGS 1/3 Arc-Second National Elevation Dataset (NED) digital elevation models (DEMs), Earth Resources Observation Systems (EROS) Web Map Service, and NED Shaded Relief Map series; 3. USGS topographic maps; 4. Aerial photographs, both recent and historical.
The route of the pipeline ROW and covered lands was mapped using Esri's ArcMapH geographic information system (GIS) software, and then each section was scrutinized by toggling among each of the four data sources.
Initial review consisted of examining topographic maps and comparing them to the areas of significant karst concentrations indicated in the Hubbard studies (Figure 4a) . Then, the DEMs were examined to determine if smaller features not visible in the 7.5-minute topographic quadrangles could be resolved (Figure 4b ). Ultimately, final reliance was placed upon close-interval contour maps (Figure 5a and b), which were carefully examined for areas of closed descending contours. The contour maps were also rendered as hillside shaded relief maps for rapid scanning and evaluation. In this way, nearly the entire length of the covered lands could be scrutinized within a reasonable amount of time. (Hubbard, 1983) . (b) DEM dataset showing suspect closed depression (yellow dashed circle). This feature did not appear on the topographic quadrangle shown in Figure 4a and was not included in the reference DMME karst dataset. Once an area was identified as a closed depression, it was then compared to the other data sources, in particular high-resolution aerial photographs (Figure 6a and b) . Many areas which appeared as putative sinkholes could be eliminated as closed depressions related to farm ponds or man-made excavations in this way, the usual signature being a berm on the downgradient side of the depression.
Finally, suspect closed sinkholes were examined using the historical capabilities of the Google Earth TM application. This allowed us to compare closed depressions during relative "wet" and "dry" years, based on comparative climate data. Typical wet years used for this analysis were 2010, 2007, 2003 and 1997; dry years were 2005, 2002 and 2000 . In many cases, structures that appeared as relatively nondescript vegetated closed depressions during dry years exhibited the presence of standing water, or active resurgence flow, during wet years (Figure 7a and b) . In cases where the depression exhibited an active outflow of water, the structure could be classified as an "estavelle", i.e., a sinkhole that acts as a recharge point during dry seasons and a resurgence point during wet seasons. In some instances there was no outflow during wet seasons, but the depression clearly contained standing water, qualifying it as a "turloch" (i.e., dry lake).
When a feature was identified as a sinkhole with reasonable certainty it was then outlined using the GIS software. Attributes were then assigned including county ID (a unique identifier created for this study), USGS quadrangle, bedrock geology, area (in square meters) and the northing and easting of the feature's centroid. The entire set of closed depressions was then used to determine the specific areas of the pipeline ROW that would be examined closely during the field survey phase of the project.
It should be noted that for the purposes of this study we considered any enclosed topographic basin with no sign of external drainage, regardless of its size, as a closed depression. However only features that could be verified as dolines (conical or funnelshaped features formed in the carbonate bedrock) or cover collapse sinkholes (in soil) were designated as "sinkholes". We referred to any opening within a depression leading into the subsurface that could accept drainage as a "throat" rather than "ponor". Definitions used herein were based the United States Environmental Protection Agency lexicon of cave and karst terminology (Field, 2002 ).
Field Reconnaissance Phase (FRP)
Upon completion of the DR-RSP for each section, we commenced the field reconnaissance phase. Field reconnaissance was based on two principal criteria:
1. Any suspect closed-depression or cave entrance that intercepted or appeared to receive drainage from the ROW was to be examined, regardless of whether there was a significant karst concentration in the area; 2. The ROW was to be examined by direct observation in any area where there was a significant concentration of karst features identified during the DR-RSP, regardless of whether they intercepted the ROW.
In addition, suspect closed depressions were examined by direct observation if they occurred near, or could be reasonably accessed from, an intersecting roadway or residence. In all cases, the field staff contacted the landowners to gain access to the property to inspect the suspect karst structures, particularly those that fell outside of the ROW but within the covered lands. Much to their credit, all the contacted landowners readily gave permission to access their property, allowing the field staff to examine nearly all of the closed depressions and caves located within the covered lands that were identified during the DR-RSP.
The actual field survey was performed by walking the ROW, observing and noting any previously identified surface karst features such as sinkholes, subsidence areas, or cave entrances. Any feature noted within the examined area was recorded using a handheld sub-meter accuracy GPS unit. Cave entrances were recorded as points, and sinkholes were recorded as vertex-bounded polygons. If a cave entrance was located within a sinkhole, then the bounds of the sinkhole were mapped as a polygon.
It should be noted that many of the cave entrance locations in our database were originally mapped using manual methods; thus, the coordinates for the entrances had a considerable degree of error. In a number of cases, the cave entrances had been obliterated by development, filled by the owner, or could not be located; however, the location of the now filled entrance was retained in the database. In all cases where a cave entrance was located, the entrance was mapped using GPS, and the cave data attribute table was edited using the corrected entrance locations.
INTEGRATION OF THE DATA REVIEW-REMOTE SENSING PHASE AND THE FIELD RECONNAISSANCE PHASE
The DR-RSP of the survey commenced in midAugust 2009, with the supporting field work commencing during September 2009. As each section of the survey area was examined during the DR-RSP, field crews would be dispatched to examine any suspect karst feature concentrations, and these data were used to correct and amend the findings of the DR-RSP observations. The entire field verification of the DR-RSP was completed in less than 2 months, with field work concluding by late October 2009. The final report summarizing the survey results was delivered in December 2009.
The integration of the two methods allowed for a rapid turnaround in the delivery of a final report to our client. In the process, several important deficiencies of each method (if they had been performed individually) were revealed:
1. Remote sensing and data review, especially the use of 2-ft contour maps and DEMs, often misidentified man-made features (e.g., farm ponds, silage pits) as natural closed depressions. The integration of field verification with remote sensing allowed for the refinement of the DR-RSP data. 2. Field reconnaissance teams, without the benefit of the DR-RSP generated maps, would have been compelled to walk the entire length of the survey's extent, including the 1/2-mi (0.80-km) wide covered land zone. We estimate this would have required at least 6 to 8 months of field work. 3. Some of the karst features that were surveyed did not appear on USGS topographic maps; however, they were observed and noted during the DR-RSP. This allowed the field crews to focus their efforts on suspect structures with greater accuracy. 4. There were instances where the karst features were actually too large or so obscured by vegetation that, without the DR-RSP-generated maps, they would have been bypassed by the field teams.
SURVEY RESULTS
It is difficult to concisely present the findings of a survey of this size; however, patterns regarding the distribution of the various karst features that could be potentially affected by the pipeline can be summarized as follows.
The areal distribution of geological formations throughout the survey area is shown in Table 1 . As can be seen from these data, the extent of the potentially karst-forming units within the covered lands is distributed unevenly, with the majority (35%) of areal extent being underlain by the Elbrook, Conococheague, and Beekmantown units. Interestingly, the distribution of the closed depressions/ sinkholes did not follow the same trend (Table 1) . Of the 227 features identified in the DR-RSP of the project, 216 were natural karst features, while the remaining 11 were man-made depressions, primarily farm ponds. Of the 33 caves documented in the various databases, 27 entrances were observed and located during the study, with the remaining entrances assumed to have been filled or otherwise destroyed.
The mapped closed depressions/sinkholes demonstrated a clustering of surface-expressed karst features in the Middle Ordovician Limestones, with nearly twice the number per square mile than in the Beekmantown Group (Figure 8a, b, and c) . These two units showed the most surface karst development within the study area. In general, the majority of the sinkholes overall were bowl-shaped, soil-bottomed and vegetated, with gradual slopes leading down from their well-defined edge or "parapet", but lacked any obvious throat or opening into the subsurface. Sinkholes of this type were especially common in the northern and central sections of the survey (i.e., the "Lower" Great Valley), typically considered a mature karst terrain. In contrast, sinkholes with open throats were more prevalent in the southern section of the survey. A total of eight sinkholes with open and/or debris-clogged (but readily apparent) throats were observed and documented exclusively in the Rockbridge County section of the survey.
There was an interesting pattern regarding the number of closed depressions/sinkholes detected in the DR-RSP phase of the project versus the features that had been mapped for the same areas in prior studies. Of the 113 features observed and documented in the northern section there were at least 73 features that had not been documented in any prior study. In contrast, of the 22 features in the central section, and 91 in the southern section, there were 17 and 8 features, respectively, that had not been documented previously. The reason so many features had been previously documented in the southern section may be because the closed depressions/sinkholes in this area (Rockbridge County) tended to be better developed; i.e., deeper and more conical in shape (see Figure 9) .
It should be noted that one of the reasons for the low number of surface features and caves we documented in the Lower Cambrian Waynesboro Formation and Tomstown/Shady Dolomite was that these units were only present in the current survey's study area near the eastern edge of the Great Valley along the western base of the Blue Ridge. This area is characterized by two very different types of surface karst features: sinkholes and caves located in widely scattered hills that are the erosional remnants of the original limestone upland; and broad shallow dishshaped alluvium-filled sinkholes in the gently rolling terrain between the hills. The alluvium-filled sinkholes are particularly common in the easternmost portion of the Great Valley, where outwash from the eroding Blue Ridge Mountains provided the gravelly sand overburden that filled previously existing karst depressions. The fact that these sinkholes formed prior to the deposition of the alluvium is supported by the discovery of fossilized pollen dating from the Early Tertiary to Late Cretaceous in sediment preserved in the sinkholes below the overburden (Pierce, 1965; Tschudy, 1965) . Many of the features we mapped in the eastern part of the survey within Page and Augusta counties were far too shallow to be readily apparent using 10-or 20-ft (3.04-or 6.09-m) contour interval topographic maps, aerial photographs, or the available 1/3 arc-second DEMs. However they were detected by examination of 2-ft (0.61-m) and 4-ft (1.22-m) contour interval maps generated from TIN data. Nevertheless, we assume that only the largest buried subsurface karst features were expressed as surface depressions in the alluvium (Figure 10 ), and that smaller features in the underlying carbonates were hidden. Thus, the burial of the underlying karst probably accounted for the lower percentage of surface features in the eastern valley. Similar to the data for closed depression density, the highest occurrence of caves (i.e., openings into the subsurface large enough to allow a human to enter) per square mile was noted in the Middle Ordovician Limestones; however, caves in the Beekmantown Group were clearly outnumbered by the caves within the Conococheague and Elbrook Formations. This was an intriguing pattern, especially considering that the Conococheague and Elbrook Formations showed relatively few surface karst features, compared to the overlying Ordovician units.
One of the ancillary benefits of our study was to provide the VSS with accurate cave entrance coordinate data for the mapped caves. Many of these cave entrances had been located long before the advent of handheld GPS survey equipment, and the entrance locations were grossly inaccurate. We provided the VSS with accurate locations for more than 20 caves within the survey area, as well as survey information for a "new" cave and the relocation of a "lost" cave.
While surveying in the Lexington area of Rockbridge County our survey team noted that the pipeline ran along the upper parapet of a steeply Figure 11 . Entrance to Buzz Hole-GeoConcepts Cave located in Rockbridge County, Virginia. Previously unexplored, this cave was explored and partially mapped as part of the current study. It is being monitored during high water periods for the intrusion of the phreatic aquifer as possible habitat of the MCI. sloping sinkhole near a newly constructed home. At the southeastern terminus of the depression they discovered a steep-walled sinkhole, with an open throat at its base that appeared large enough to permit human entry (Figure 11 ). This structure was reported to Bob Thren, chairman of the Rockbridge County section of the VSS, who was aware of its existence, but admitted that it had never been investigated or mapped. The cave was registered with the VSS and dubbed "Buzz Sink (GeoConcepts) Cave" in honor of the landowner's nickname and the exploratory crew from GeoConcepts.
A team from GeoConcepts, the Virginia Department of Conservation and Recreation-Virginia Natural Heritage Program, and the VSS returned to the newly discovered cave on November 3 and again on December 15, 2009, to determine its extent (Figure 12 ). The cave was primarily vertical and several hundred feet of passage were mapped to a depth of approximately 80 vertical ft (24.3 m). This was particularly intriguing, because caves of this type (i.e., vertical or semi-vertical caves that descend rapidly to the phreatic water table) are where populations of the MCI have most often been found. There is evidence that the lower levels of the cave are completely flooded during seasonal water table high stands. The cave is still under exploration and is planned to be monitored periodically for the presence of the MCI.
To the north in Shenandoah County, in the heavily forested bluffs above the North Fork of the Shenandoah River, the survey relocated the entrance to Madden's Cave. Madden's had been considered a lost cave because the entrance could not be located when the VSS resurveyed Shenandoah County in the 1980s and 1990s. The entrance was located at the base of a triangular, 6-ft (1.82 m) deep sinkhole, partially filled with leaves ( Figure 13 ). The actual entrance passage to Madden's Cave was found to be clogged with dirt and plant debris that had washed in from above. It did not appear that anyone had entered the cave for many years. Madden's Cave is approximately 100 ft (30.4 m) in depth and 275 ft (83.8 m) in length, and has been completely mapped. It is considered "very significant" by the VSS and the Virginia Cave Board because it is the type locality for two unique species: a cave beetle and a pseudoscorpion. There is also a record of the Indiana Bat (Myotis sodalis), a federally listed Rare, Threatened and Endangered Species (RTES) for this cave. Madden's Cave is not expected to be affected by the pipeline because of its upgradient location and distance from the ROW.
